Expansion and folding of the cerebral cortex are landmark features of mammalian brain evolution. This is recapitulated during embryonic development, and specialized progenitor cell populations known as intermediate radial glia cells (IRGCs) are believed to play central roles. Because developmental mechanisms involved in cortical expansion and folding are likely conserved across phylogeny, it is crucial to identify features specific for gyrencephaly from those unique to primate brain development. Here, we studied multiple features of cortical development in ferret, a gyrencephalic carnivore, in comparison with primates. Analyzing the combinatorial expression of transcription factors, cytoskeletal proteins, and cell cycle parameters, we identified a combination of traits that distinguish in ferret similar germinal layers as in primates. Transcription factor analysis indicated that inner subventricular zone (ISVZ) and outer subventricular zone (OSVZ) may contain an identical mixture of progenitor cell subpopulations in ferret. However, we found that these layers emerge at different time points, differ in IRGC abundance, and progenitors have different cell cycle kinetics and self-renewal dynamics. Thus, ISVZ and OSVZ are likely distinguished by genetic differences regulating progenitor cell behavior and dynamics. Our findings demonstrate that some, but not all, features of primate cortical development are shared by the ferret, suggesting a conserved role in the evolutionary emergence of gyrencephaly.
Introduction
Tangential expansion and folding of the cerebral cortex are landmark features of mammalian brain evolution, which are thought to underlie the growth of intellectual capacity. Accordingly, human mutations causing a loss of cortical convolutions (lissencephaly) or a decrease in brain size (microcephaly), result in severe reductions of intellectual performance (Ross and Walsh 2001; Sheen and Walsh 2003; Bilguvar et al. 2010; Nicholas et al. 2010; Yu et al. 2010) . In primates, including human, expansion and folding of the cerebral cortex take place largely during fetal development (Bayer and Altman 2005) . This process is believed to be critically dependent on the action of progenitor cells found in the outer subventricular zone (OSVZ), a specialized germinal layer characteristic of the fetal primate cerebral cortex (Rakic 1988 (Rakic , 1995 (Rakic , 2009 Smart et al. 2002; Kriegstein et al. 2006; Dehay and Kennedy 2007) . Because cortical expansion and folding are not unique to primates but rather common across mammalian phylogeny (Welker 1990 ), we and others have proposed that the OSVZ may not be unique to primates but a feature distinctive of species with a folded cerebral cortex (gyrencephalic) (Fietz et al. 2010; Reillo et al. 2011) . Indeed, several studies demonstrate the existence of a prominent OSVZ-like germinal layer in a variety of nonprimate gyrencephalic species, including ferret (Fietz et al. 2010; Reillo et al. 2011) , cat, and sheep but not in lissencephalic species like mouse and guinea pig (Reillo et al. 2011 ; but see Shitamukai et al. 2011; Wang et al. 2011) .
Cell lineage analyses demonstrate that the OSVZ plays fundamental roles in cortical development of gyrencephalic species, including neurogenesis and the tangential dispersion of radially migrating neurons (Hansen et al. 2010; Reillo et al. 2011) . However, the defining features of the different germinal layers in the cerebral cortex of nonprimate gyrencephalic species, and how similar are these germinal layers from their primate counterparts, are poorly understood (Molnar et al. 2011; Reillo et al. 2011) . Because the basic developmental mechanisms involved in cortical expansion and folding are likely conserved across mammalian phylogeny (Reillo et al. 2011) , understanding the differences and similarities between developing primate and nonprimate gyrencephalic brains is fundamental to distinguish between the features relevant for the development of gyrencephaly and features evolved specifically for primate brain development Evans et al. 2004; Gilbert et al. 2005; Mekel-Bobrov et al. 2005; Pollard et al. 2006) .
In lissencephalic rodents, like mouse and guinea pig, cortical progenitors are organized in 2 germinal layers: the ventricular zone (VZ) housing radial glia progenitors and the subventricular zone (SVZ) housing neurogenic intermediate progenitors (also termed secondary, abventricular, or basal progenitors) (Bayer and Altman 1991; Takahashi et al. 1995; Malatesta et al. 2000; Noctor et al. 2001 Noctor et al. , 2004 Martinez-Cerdeno et al. 2006; Kowalczyk et al. 2009; Reillo et al. 2011) . In mouse, VZ progenitors are defined by expression of the transcription factor Pax6 and not Tbr2 (Pax6+/Tbr2-), while SVZ progenitors are Tbr2+/Pax6- (Englund et al. 2005; Hevner et al. 2006; Kowalczyk et al. 2009 ). In gyrencephalic primates, the SVZ is much thicker than in rodents and is subdivided into inner and outer SVZ (ISVZ and OSVZ), separated from each other by an inner fiber layer (IFL), and limited superficially by the intermediate zone (IZ) (also named outer fiber layer [OFL] or honeycomb matrix-like layer) (Smart et al. 2002; Bayer and Altman 2005; Zecevic et al. 2005; Bystron et al. 2006; Dehay and Kennedy 2007; Bayatti, Moss, et al. 2008; Bayatti, Sarma, et al. 2008; Reillo et al. 2011) . The cellular and molecular composition of the different germinal zones in the human fetus cerebral cortex have been defined and characterized to some extent. In particular, the OSVZ is known to be a very complex layer containing a highly heterogeneous population of cortical progenitors expressing different combinations of Pax6, Tbr2, Olig2, Sox2, and other genes and also containing radially and tangentially migrating neurons, radial glia and axonal fibers, displaced radial glia cells, and radial glia--like cells (oRGs/ IRGCs) (Sidman and Rakic 1973; Letinic et al. 2002; deAzevedo et al. 2003; Zecevic 2004; Zecevic et al. 2005; Bystron et al. 2006; Howard et al. 2006; Mo et al. 2007; Bayatti, Moss, et al. 2008; Bayatti, Sarma, et al. 2008; Zecevic 2008, 2009; Hansen et al. 2010; Reillo et al. 2011) .
To identify similarities and differences in cortical development between primate and nonprimate gyrencephalic species at the cellular and molecular levels, we have studied the composition of the germinal layers in the developing cerebral cortex of the ferret, a gyrencephalic carnivore. By analyzing the combinatorial expression of a wide variety of transcription factors, cell cycle factors, and cytoskeletal proteins, we have identified a combination of features that distinguish in ferret the same subdivisions of the germinative epithelium as in primates: VZ, ISVZ, and OSVZ. We also provide evidence for the existence of a vestigial form of the primate IFL in the ferret, which we identify as inner OSVZ (iOSVZ). We find that ferret ISVZ and OSVZ contain a nearly identical mixture of progenitor cell subpopulations as defined by transcription factor expression. However, in spite of having a common gene expression profile, ISVZ and OSVZ emerge at different developmental time points, differ in intermediate radial glia cell (IRGC) abundance, and their progenitors have different cell cycle kinetics and selfrenewal dynamics, indicating the likely existence of yet unidentified genetic differences. Our findings demonstrate that some of the key traits characteristic of the primate germinal layers are shared by the ferret, while completely different than in mouse, suggesting that these features may be relevant to the developmental emergence of gyrencephaly.
Materials and Methods

Animals and Tissue Collection
Pigmented ferrets (Mustela putorius furo) were obtained from Marshall Bioresources (North Rose, NY) and kept on a 12:12 h light:dark cycle at the Animal Facilities of the Universidad Miguel Herna´ndez, where animals were treated according with Spanish and European Union regulations, and experimental protocols were approved by the Universidad Miguel Herna´ndez Institutional Animal Care and Use Committee. For embryonic stages, pregnant dams were deeply anesthetized with ketamine/xylazine induction followed by Isoflurane, and the embryos were extracted by cesarean section. All animals were perfused transcardially with phosphate-buffered 4% paraformaldehyde (PFA), and the brains postfixed in PFA.
Immunostaining
Single and double immunostains were performed on 50-lm thick freefloating cryosections or 5-lm thick paraffin sections in the parasagittal plane. After antigen retrieval, sections were blocked and incubated in primary antibodies overnight at 4°C, then incubated with appropriate fluorescently conjugated secondary antibodies (Chemicon and Jackson), and counterstained with 4#,6-diamidino-2-phenylindole (SIGMA). Alternatively, sections were incubated with appropriate biotinylated secondary antibodies, with ABC complex (1:100, Vector), and developed with nickel enhancement as described elsewhere (Borrell et al. 1999) . When necessary, sections were counterstained with Nissl solution. Primary antibodies and dilutions used are indicated in Supplementary Table 1 . Quantification of cell costaining was performed by confocal microscopy (Leica) through a 340 lens and 34 zoom. Images were acquired from cells in A17 from 3 sections per subject, 2--3 subjects per age. Images were analyzed using ImageJ and Neurolucida software (Microbrightfield).
Cumulative Bromodeoxyuridine Labeling and Cell Cycle Analysis
One or multiple doses of bromodeoxyuridine (BrdU, SIGMA) were injected in ferret kits aged postnatal day (P) 0 or P6 (n = 3 animals per age) at 50 mg/kg body weight. For cell cycle length determination, BrdU was administered every 2 h for a total of 2 or 10 h, followed by transcardiac perfusion with PFA 1 h after the last injection. For each experimental group, the percentage of Ki67+ cells labeled with BrdU was calculated. The values of these measurements at 3 and 11 h defined a regression line that was used to calculate Tc-s (length of the cell cycle minus S-phase; time required to label 100% of progenitor cells with BrdU) and Ts (time at which 0% of Ki67+ cells would be labeled with BrdU) (Fig. 7) . Tc was defined as Tc-s + Ts.
Results
Emergence and Distinction of Germinal Layers
To study the emergence and progression of the distinct germinal layers in the developing ferret cerebral cortex, we began by analyzing its general cytoarchitectural organization on Nissl stains between embryonic day (E) E30 and postnatal day (P) P14, focused on the prospective primary visual cortex. This window of developmental time includes the period when the germinal layers exhibit their largest size Reillo et al. 2011 ) and the period of neurogenesis for all layers in this area of the ferret cerebral cortex (Jackson et al. 1989) . During this period of development, and particularly at postnatal stages, we distinguished up to 8 different cytoarquitectonic subdivisions of the cerebral cortex, based on cell density and general organization (Fig. 1) , which we named on the basis of current nomenclature for the developing primate cerebral cortex (Boulder Committee 1970; Bystron et al. 2008) .
At E30, the prospective visual (occipital) cortex was formed namely by a VZ, characterized by containing a high density of cells with an elongated soma and columnar arrangement and limiting with the telencephalic lateral ventricle. The VZ was overlaid by a thin SVZ, characteristically formed by a high density of small rounded cells with no particular orientation or organization. A very thin cortical plate (CP), of only 2 or 3 cell diameters in thickness, was also distinguishable intercalated between 2 cell-sparse layers: marginal zone (MZ) and subplate (SP) zone/IZ overlaying the SVZ (Fig. 1B) . Four days later, at E34, only the same 5 layers were still distinguishable, although the SVZ, SP/IZ, and CP were much thicker than previously (Fig.  1B) . E38 was the earliest stage at which subdivisions of the SVZ could be distinguished, which we identified as ISVZ and OSVZ (Fig. 1B) . The ISVZ was similar to the SVZ of earlier stages, characterized by containing a high density of small rounded cells, whereas the OSVZ displayed a lower density of cells (Fig.  1B) . In macaque monkey, ISVZ and OSVZ are separated by a distinctive fiber layer (IFL) at late, but not early, stages of cortical development (Smart et al. 2002) . Although no obvious fiber layer could be distinguished between ISVZ and OSVZ in the E38 ferret, the striking difference in cell packing between these zones forced us to make this distinction (Fig. 1B) . Moreover, within the OSVZ, we distinguished 2 subdivisions: outer OSVZ (oOSVZ) and iOSVZ, where the oOSVZ had a slightly higher cell density than the iOSVZ, and cells in the iOSVZ were aligned in radial streams ( Fig. 1B; Supplementary  Fig. 1 ). Cell streams in iOSVZ were only 1 or 2 cells in thickness ( Supplementary Fig. 1 ), and reminded of the progenitor cell streams observed in the human SVZ (Rakic and Zecevic 2003; Zecevic et al. 2005) . Therefore, the OSVZ was subdivided from the onset in oOSVZ and iOSVZ (Fig. 1B) .
The pattern of Nissl stain in the ISVZ at E38 was very similar to that of the SVZ at E34 (Fig. 1B) , suggesting that the ISVZ may emerge first in development and the OSVZ later. This notion was further supported by examination of rostro-caudal differences in germinal layer organization, related to the corresponding gradient of cortical development ( Fig. 2A) . In contrast to the prospective visual cortex at caudal levels, at rostral levels, E34 embryos exhibited a cell-dense ISVZ and a cell-sparse OSVZ (Fig. 2B,C) . Comparison from rostral to caudal levels showed that the ISVZ at rostral levels was continued with the SVZ at caudal levels as described above, whereas the OSVZ eventually disappeared ( Fig. 2A--C ) . Taken together, these observations suggested that the emergence of the OSVZ at midstages of development may occur as a specialization from the ISVZ, as it may have occurred during mammalian evolution (Reillo et al. 2011) .
Starting at E42/P0, and for the subsequent stages of postnatal development, 8 different cortical layers or subdivisions were clearly distinguishable by Nissl stain: VZ, ISVZ, iOSVZ, oOSVZ, IZ, SP, CP, and MZ (Fig. 1B) . The deep layers VZ, ISVZ, iOSVZ, and oOSVZ had a similar appearance to previous stages. The IZ was characterized by a very low cell density, which at postnatal stages typically displayed a honeycomb matrix-like organization (Fig. 1B) , reminiscent of the primate outer fiber layer (Smart et al. 2002; Bayer and Altman 2005; Zecevic et al. 2005) . The SP had a graded distribution of cells with an overall density higher than the IZ. The CP contained a high density of large cells with a columnar arrangement; at postnatal stages, differentiating layers 6 and 5 could be also distinguished from the immature CP proper, but for simplicity, we maintained the nomenclature CP to include all postmigratory neuronal layers that will differentiate into layers 2--6 of the mature cerebral cortex. Finally, the MZ was characterized by containing a very low density of cells and limiting with the pial surface of the cerebral cortex (Fig. 1B) .
Between E30 and P14, the thickness of the VZ decreased gradually, concomitant with a gradual increase in the thickness of most other layers (Fig. 1B and Table 1 ). Thickness increase was particularly accentuated in the ISVZ and oOSVZ, while it was much less pronounced in the other layers (Fig. 1, P10 and P14; Table 1 ). Moreover, starting at P6, the layers between oOSVZ and MZ suffered significant bending and deformation, related to the incipient folding of the cortical mantle during this period (Fig. 1A,B ) (Smart and McSherry 1986; Neal et al. 2007; Reillo et al. 2011) . Altogether, the above results revealed the existence in the developing ferret cerebral cortex of 7 distinct cortical layers, of which the OSVZ was subdivided into At embryonic day (E) 30 and E34, a thin and disorganized SVZ is distinguishable from the columnar VZ. At E38, differences in cell density distinguish the SVZ into ISVZ and OSVZ, which is additionally subdivided in an iOS or iOSVZ and an oOS or oOSVZ. At postnatal stages (P), the thickness of the VZ decreases, while all other layers become thicker, including ISVZ, OSVZ, IZ, SP, and CP. Scale bars-50 lm (E30 and E34), 150 lm (E38 and E42), 200 lm (P6 and P10), and 300 lm (P14).
inner and outer subzones, and suggested that the early forming SVZ may later become ISVZ and give rise to the OSVZ.
Patterns of Cell Proliferation Differ between Germinal Layers and Developmental Stages
To demonstrate which of the cytoarchitectonic subdivisions identified by Nissl stain corresponded to germinal layers, we next studied the patterns of cell proliferation. To this aim, we analyzed the expression pattern of 3 different markers: PH3, which labels the DNA of cells in mitosis; Ki67 antigen, labeling cells in cell cycle; and Sox2, a neural stem/progenitor cell marker (Hansen et al. 2010) . We also used BrdU administration with short survival time to reveal progenitors in S-phase of the cell cycle. Cells positive for all 4 antigens were detected abundantly throughout the VZ, ISVZ, and OSVZ at all embryonic and/or postnatal stages analyzed, demonstrating that these 3 layers contain large amounts of cycling and mitotic progenitors and, thus, confirming that they are major germinal layers (Figs 3 and 4) . Cells positive for PH3 (PH3+), Ki67, BrdU, and particularly Sox2 were also observed in the IZ, CP, and MZ but in small numbers (Figs 3 and 4), indicating that these layers also contain some progenitors but are not major sites of proliferation.
The VZ was characterized throughout development by housing the highest density of PH3+, Ki67+, and Sox2+ cells, which were at a lower density in the ISVZ and the lowest in the OSVZ (Figs 3 and 4) . In the ISVZ, BrdU+ cells accumulated preferentially in the outer half, next to the iOSVZ (Fig. 4D,H) , unlike Ki67+ and Sox2+ cells that were homogeneously distributed (Fig. 4B ,C,F,G). Within the OSVZ, the outer subzone (oOSVZ) contained a higher density of Ki67+, Sox2+, and BrdU+ cells than the iOSVZ, although this could reflect differences in cell density . By P14, the density of PH3+, Ki67+, Sox2+, and BrdU+ cells had decreased dramatically , coincident with the end of the neurogenetic period in this cortical region (Jackson et al. 1989) . Interestingly, whereas in the VZ, this decrease in cycling progenitors was paralleled by a decrease in thickness (Fig. 1B and Table 1) , and in the ISVZ and OSVZ, this was paralleled by a dramatic increase in thickness ( Fig. 1B and Table 1 ) and by the selective accumulation along the ISVZ--OSVZ border of the remaining progenitors (Fig. 4I,J) . Taken together, these analyses confirmed the existence of VZ, ISVZ, and OSVZ as major germinal zones in the developing ferret cerebral cortex and that both subdivisions of the OSVZ (iOSVZ and oOSVZ) are highly proliferative. In addition, our BrdU labeling data suggested the possibility that progenitors in the ISVZ may be allocated to the outer or inner domains of this layer depending on their phase of the cell cycle, as occurs in the VZ due to the interkinetic nuclear migration of progenitor radial glia cells (Sauer and Walker 1959; Angevine and Sidman 1961; Takahashi et al. 1993 ).
Gene Expression Profiling of Developing Cortical Layers
The above findings demonstrated that cortical progenitors in the developing ferret are organized in 4 laminar subdivisions: VZ, ISVZ, iOSVZ, and oOSVZ. This prompted us to investigate what is the cellular and molecular basis of such a diverse and elaborate anatomical organization. Previous studies have distinguished distinct classes of cortical progenitors based on the expression profile of specific transcription factors, which usually correlate with distinct progenitor fate potentials Noctor et al. 2004; Kowalczyk et al. 2009; Hansen et al. 2010 ). In the ferret cerebral cortex, a variety of progenitor cells have been identified based on the combinatorial expression of Pax6 and/or Tbr2, suggesting again the coexistence of diverse progenitor cell types with different fate potentials (Fietz et al. 2010; Reillo et al. 2011 ). Thus, we decided to characterize the lineage potential of the different germinal layers in the developing ferret cerebral cortex, by studying the expression pattern of proteins characteristic of neuronal versus glial lineages. We began by studying the transcription factors Pax6, Tbr2 and Tbr1, and the antigen NeuN, which in the mouse cerebral cortex are expressed sequentially in the neuronal lineage and distinguish between radial glia (VZ) and intermediate (SVZ) progenitors (Englund et al. 2005; Hevner et al. 2006) . At E30 and E34, virtually, all cells of the VZ expressed high levels of Pax6, as opposed to the SVZ where the majority expressed low levels of Pax6, with only a few scattered cells Pax6 high at E34 (Fig. 5A,E,I ). In contraposition, Tbr2 expression was very scarce in the VZ and massive in the SVZ, already at E30 (Fig. 5B ,F,J), reminiscent of the mouse embryonic neocortex (Englund et al. 2005; Hevner et al. 2006) . Thus, at early embryonic stages, Pax6 and Tbr2 distinguished SVZ from VZ, which suggested that this early SVZ may contain mouse-like intermediate progenitor cells (IPCs) . At E38, the ISVZ resembled the SVZ at E34, containing a high amount of Tbr2+ cells in an inner-to-outer gradient of staining intensity, plus a few Pax6+ cells (Figs 2B, C and 5E, F, I, J) . In contrast, the OSVZ contained a salt-and-pepper distribution of Pax6+ and Tbr2+ cells, found at similar abundance (Fig. 5I,J) . The similarities found between the ISVZ at E38 and the SVZ at E34 reinforced the notion that the ISVZ emerges during development before the OSVZ (Figs 1 and 2) . Between P0 and P6, Pax6 and Tbr2 presented similar expression patterns, with a high density of positive cells in VZ, ISVZ and OSVZ, and few scattered cells in the lower aspect of the IZ (Fig. 6A ,B,E,F). In the VZ, Pax6 was homogeneously expressed, whereas the density of Tbr2+ cells increased gradually from the ventricular surface to the border with the ISVZ (Fig. 6A ,B,E,F), similar to previous stages (Fig. 5F,J) . In the ISVZ, Pax6 expression was again homogeneous, but Tbr2 staining distinguished 3 subdivisions, with cells in the middle third of this layer expressing lower levels of Tbr2 compared with those in the upper and lower thirds (Fig. 6A ,B,E,F). This was in sharp contrast with the OSVZ, where Pax6+ and Tbr2+ cells had a very similar distribution distinguishing clearly the iOSVZ, with positive cells forming radial streams (Fig. 6A ,B,E,F and Supplementary Fig. 1 ) from the oOSVZ with cells accumulating at high density and without an obvious organization (Fig. 6A,B,E,F) . The alignment of Pax6+ and Tbr2+ cells in radial streams in the iOSVZ resembled the bands of cells described in the IFL of the embryonic cortex of macaque and human (Smart et al. 2002; Zecevic et al. 2005; Lukaszewicz et al. 2006) , suggesting that these progenitors might be intermixed with bundles of axons ( Supplementary Fig. 1 ). At P14, Pax6+ and Tbr2+ cells were much fewer than previously and accumulated preferentially in the interphase between ISVZ and OSVZ and also within the OSVZ following the curvature of the emerging splenial gyrus (Fig. 6I,J) . The absence of Pax6+ or Tbr2+ cells in IZ, CP, and MZ at all stages suggested that the scattered cycling progenitors we had initially identified in these layers (Sox2+, BrdU+; see above) do not follow a neuronal lineage.
In contrast to Pax6 and Tbr2, Tbr1 and NeuN were expressed in both germinal and postmitotic layers and in highly dynamic patterns. Between E30 and E34, both Tbr1 and NeuN were expressed in CP, SP/IZ, and SVZ, being completely absent from the VZ (Fig. 5C,D,G,H) . At E34, Tbr1 staining was strongest in CP and SP/IZ and then at lower levels in the SVZ (Fig. 5G) . In contrast, the strongest NeuN labeling was found in SVZ and in scattered cells of IZ/SP and CP, while the majority of CP cells were weakly stained (Fig. 5H) . Between E38 and P0, the strongest Tbr1 and NeuN expression was confined to the lower part of CP and the SP, while cells in ISVZ, OSVZ, and IZ had very low expression levels, and cells in VZ were negative (Figs 5K, L and 6C, D) . Finally, between P6 and P14, Tbr1+ cells were found exclusively in the SP (Fig. 6G,K) , and NeuN+ cells occupied the entire thickness of the CP and SP (Fig. 6H,L) . These observations suggested that young neurons migrating radially to the CP already expressed low levels of Tbr1 and NeuN, in agreement with previous descriptions of mouse and human cerebral cortex (Englund et al. 2005; Bayatti, Moss, et al. 2008; Bayatti, Sarma, et al. 2008; Lui et al. 2011) .
Radial glia cells, astrocytes, and oligodendrocyte precursors are essential constituents of the developing cerebral cortex (Ramo´n y Cajal 1911; Schmechel and Rakic 1979; Takahashi et al. 1990; deAzevedo et al. 2003; Zecevic 2004; Mo and Zecevic 2009 Supplementary Fig. 2 ). The number of Olig2+ cells increased during the first postnatal week and then decreased to very few cells by P14 (Figs 7B,F,J). Olig2+ cell distribution was always scattered and fairly homogeneous and involved not only the 3 main germinal zones but also the IZ, SP, CP, and MZ (Fig. 7B,F,J) . This was in agreement with our earlier observations of few scattered cells in SP, CP, and MZ positive for Ki67, Sox2, and BrdU but negative for Pax6 and Tbr2 (Figs 3--6 ), strongly suggesting that progenitors in those layers belong mostly to the glial lineage.
Anti-vimentin immunostaining evidenced the organization of the radial fiber scaffold in the postnatal ferret cerebral cortex (Fig. 7C,G,K) , as in other carnivores (Engel and Muller 1989; Voigt 1989) . Staining of radial fibers by vimentin was very strong at P0 and P6, but much weaker at P14, when this protein was abundantly present in endothelial cells (Fig. 7K) . We observed 2 types of organization of vimentin+ processes: Radial fibers following straight and largely parallel courses or processes with a highly wavy and disorganized appearance. Wavy fibers characterized the ISVZ and oOSVZ, whereas parallel fibers were typical in the other layers, including VZ, iOSVZ, IZ, and CP (Fig. 7C ,G,K and Supplementary Fig. 3 ). Of note, vimentin+ fibers typically clustered in thick bundles in iOSVZ and IZ, remaining individualized in the other layers ( Supplementary Fig. 3 ). Co-stains with anti-vimentin and anti-PH3 antibodies demonstrated that 87--94% of mitotic cells in VZ, ISVZ, and OSVZ were vimentin+ (P0, 148 of 157 cells; P6, 118 of 135 cells; Fig. 10A--C) . Because at these stages cortical neurogenesis is at its peak (Jackson et al. 1989; Reillo et al. 2011 ), these observations strongly suggested that vimentin expression is not exclusive to glial progenitors but extensive to the full diversity of cortical progenitors, such as radial glia.
GFAP expression increased between P0 and P14 reciprocally to the progressive decrease of vimentin staining, with GFAP+ cells and processes increasing in number during this period. GFAP+ astrocytes were first observed, although anecdotically, in the CP at P0 (Fig. 7D) . By P6, they were numerous in the CP, SP, and IZ, and by P14, they were very abundant and widespread throughout most cortical layers (Fig. 7H,L) . Remarkably, GFAP was also expressed in radial processes at the VZ and ISVZ starting at P6 (Fig. 7H,L) , reminiscent of the expression in cortical radial glia in primates (Levitt and Rakic 1980) . Taken together, the patterns of expression of different transcription factors suggested that a variety of progenitor cell types coexist in the germinal layers of the postnatal ferret cerebral cortex but also suggested that ISVZ and OSVZ may contain very similar classes of progenitors. In contrast, the different structural arrangements of glial cells and processes we observed allowed for a clear anatomical distinction between ISVZ and OSVZ and also demonstrated basic differences in organization between the outer and inner subdivisions of the OSVZ. This prompted us to an in-depth investigation of the diversity of progenitor cell classes and of how abundantly are they represented in each germinal layer. Progenitor Cells in ISVZ and OSVZ Share a Common Profile of Transcription Factor Expression Previous analyses suggested that ISVZ and OSVZ have a similar composition of progenitor cell populations as defined by transcription factor expression (Reillo et al. 2011 ). However, ISVZ and OSVZ exhibit dramatic cytoarchitectonic differences throughout development, suggesting the existence of fundamental differences between cells of each layer. This apparent contradiction prompted us to refine our search for features that might distinguish between progenitor cells in ISVZ and OSVZ. In mouse, differential expression of the transcription factors Pax6 or Tbr2 distinguishes radial glia progenitors (VZ) from IPCs (SVZ) (Englund et al. 2005; Hevner et al. 2006 ; but see Shitamukai et al. 2011; Wang et al. 2011) . In contrast, cortical progenitors in primates frequently coexpress Pax6, Tbr2, and/or other transcription factors, so multiple progenitor cell subclasses are distinguished by the combinatorial expression of these genes and coexist in the various germinal layers (Bayatti, Moss, et al. 2008; Mo and Zecevic 2008; Fietz et al. 2010; Hansen et al. 2010) . We have previously shown that in the ferret cerebral cortex, the combinatorial expression of Pax6 and Tbr2 defines 4 subclasses of progenitor cells that coexist in similar proportions in the ISVZ and OSVZ (Reillo et al. 2011 ). This molecular similarity contrasts with our present findings that ISVZ and OSVZ have some very distinctive organizational features. Thus, we next attempted to explain those notorious differences between germinal layers in the cerebral cortex by extending the combinatorial analysis of transcription factor expression in progenitor cells to include Pax6, Tbr2, and Olig2 (Fig. 8A--C) . We identified up to 7 different subclasses of progenitors at P0 and P6, expressing different combinations of the 3 transcription factors, although 2 of them were observed only anecdotically (Pax6+/Tbr2-/ Olig2+ progenitors were never more than 1%; and Pax6-/ Tbr2+/Olig2+ progenitors were only found at P6 and represented less than 0.5%; Fig. 8D,E) . At P0, we found that in the VZ, 48% of progenitors were Pax6+ only, 6% were Tbr2+ only, 28% were Pax6+/Tbr2+/Olig2-, 2% expressed all 3 transcription factors, and 15% were negative for all 3 (Fig. 8D) . In the ISVZ, we found the same subclasses of progenitors as in the VZ but represented in quite different proportions (Fig. 8D) . In the OSVZ, we found the exact same progenitor subclasses as in the ISVZ and in strikingly similar proportions (Fig. 8D) . Between P0 and P6, the relative abundance of the different progenitor cell populations changed significantly in the VZ: Progenitors expressing Pax6 alone increased up to 78%, while those that were Pax6+/Tbr2+/Olig2-decreased down to 9%, and those negative for all 3 were only 6% (Fig. 8E ). This shift observed in the VZ between P0 and P6 did not occur as dramatically in ISVZ or OSVZ, where only Pax6+/Tbr2+/Olig2+ progenitors increased (by 3-fold) in detriment of Pax6+/Tbr2+/Olig2-progenitors and of those expressing Tbr2 alone (Fig. 8E) . Most importantly, the types and relative abundance of the different progenitor cell subclasses were nearly identical between ISVZ and OSVZ again at P6. Taken together, the analysis of the expression profile for Pax6, Tbr2, and Olig2 indicated the existence of 5 major progenitor cell subclasses in each of the 3 main germinal zones, also that the relative abundance of these populations varies during development, and that they are represented in nearly identical proportions in ISVZ and OSVZ, demonstrating that differences in ontogeny and cytoarchitecture between ISVZ and OSVZ are independent of the expression profile for these transcription factors.
Different Abundance of IRGCs between ISVZ and OSVZ Next, we examined whether ISVZ and OSVZ may differ in the morphology of their progenitor cells. Previous studies highlighted the relevance of IRGCs in the evolutionary expansion and folding of the mammalian cerebral cortex (Fietz et al. 2010; Hansen et al. 2010; Fietz and Huttner 2011; Lui et al. 2011; Reillo et al. 2011; Shitamukai et al. 2011; Wang et al. 2011 ). This newly identified type of cortical progenitor resembles classical radial glia except for the apical process contacting the ventricular surface of the telencephalon, which is missing in IRGCs (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Shitamukai et al. 2011; Wang et al. 2011) . Although IRGCs have been demonstrated to exist in OSVZ (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011 ) and ISVZ (Reillo et al. 2011) , their ontogenetic origin and relative abundance have not been compared across layers, so we tested whether ISVZ and OSVZ might differ at the level of IRGCs. IRGCs and their unique morphology are revealed by anti-phosphovimentin (PhVim) antibodies, which label the cytoplasm of mitotic radial glia--like cells (Weissman et al. 2003; Martinez-Cerdeno et al. 2006; Fietz et al. 2010; Hansen et al. 2010; Wang et al. 2011) . We found numerous PhVim+ cells with a basal process in the VZ from E30 to P6 (Fig. 9A--F) , consistent with the radial glia nature of VZ progenitors in ferret (Weissman et al. 2003; Reillo et al. 2011 ). In contrast, in the SVZ, we could not detect PhVim+ cells with a basal process (IRGCs) until E38 (Fig.  9G,H) . These first IRGCs were observed simultaneously in both ISVZ and OSVZ (Fig. 9G,H) , despite of the delayed emergence of the OSVZ compared with the ISVZ (Figs 1--3) .
Quantitative analysis of PhVim+ cells showed that their relative abundance increased significantly in both ISVZ and OSVZ between E38 and P6 but also that the increase in OSVZ was almost twice as in ISVZ (OSVZ, E38, 13.1 ± 2.6%, P6, 38.4 ± 2.1%; ISVZ, E38, 20.7 ± 0.3%, P6, 33.4 ± 4.7%; Supplementary Fig.   4 ), which resulted on proliferation in OSVZ quickly becoming preponderant over the other zones. A similar situation was observed when considering only PhVim+ cells with a basal process (IRGCs), as between E38 and P6, these also increased rapidly in both germinal zones but much more dramatically in OSVZ than in ISVZ (OSVZ, from 10.4 ± 1.1% to 38.4 ± 2.1%, 3.5-fold increase; ISVZ, from 13.2 ± 0.4% to 27.9 ± 4.2%, 2.1-fold increase; Fig. 9K ). In contrast, the relative abundance of PhVim+ cells without a basal process between E38 and P6 remained constant in ISVZ (0.96-fold change), while it increased in the OSVZ (1.9-fold; Supplementary Fig. 4 ), although this increase was much less than for IRGCs (see above).
Comparison of the relative abundance of PhVim+ cells with or without a basal process also showed differences between ISVZ and OSVZ, where the proportion of IRGCs was significantly larger in the OSVZ than in ISVZ at E38 and P6 (Fig. 9L) . Taken together, our observations strongly suggested that IRGCs may only appear in the ferret occipital cortex as late as E38, and our quantitative analyses are consistent with previous studies indicating that IRGC abundance increases during the first postnatal week in the prospective visual cortex of the ferret (Reillo et al. 2011 ). In addition, we found that ISVZ and OSVZ differ in both abundance and dynamics of their IRGC progenitor population.
Cell Cycle Kinetics of Progenitors Differ Between Cortical Germinal Layers
To further investigate additional differences between ISVZ and OSVZ, we next analyzed the proliferation dynamics and mitotic properties of progenitors in these layers, as such features have been shown to vary between VZ and SVZ and during cortical development (Takahashi et al. 1995a (Takahashi et al. , 1995b Haydar et al. 2003; Noctor et al. 2008; Fietz et al. 2010) . Orientation of the cleavage plane during mitosis of neocortical progenitors determines the symmetric or asymmetric inheritance of particular cellular components, including apical complex proteins and the apical or basal process of neuroepithelial cells (Kosodo et al. 2004; Gotz and Huttner 2005; Huttner and Kosodo 2005; Fish et al. 2008; Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Shitamukai et al. 2011; Wang et al. 2011) , and has also been associated with different types of progenitor cells (Noctor et al. 2008) . To gain further insight into differences between progenitors in the different germinal layers of the developing ferret cerebral cortex, we measured their cleavage plane orientation during mitosis, as evidenced by PH3 staining. Because dividing cells frequently rotate their mitotic plate during metaphase, but not in anaphase (Haydar et al. 2003) , we only considered PH3+ cells in anaphase and early telophase (Fig. 10A--C) (Fietz et al. 2010) . We found at P0 the majority of ventricular mitoses to occur preferentially in the vertical plane, nearly perpendicular to the ventricular surface (Fig. 10D) . At later stages, in contrast, the orientation of mitoses shifted dramatically, occurring randomly at P2, and nearly parallel to the ventricular surface at P6 (Fig. 10D) .
Mitotic cleavage plane orientation is usually measured with respect to the ventricular surface of the telencephalon (VZ surface) because molecular cell fate determinants have been presumed to distribute with respect to this plane (Chenn and McConnell 1995; Gotz and Huttner 2005) , although there are studies contradicting this notion (Knoblich 2008; Konno et al. 2008; Neumuller and Knoblich 2009; Shitamukai et al. 2011) . In any case, this does not apply to progenitor cells that are not anchored to the apical surface of the telencephalon, such as multipolar IPCs and IRGCs (Noctor et al. 2004 (Noctor et al. , 2008 Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011) . Thus, we reasoned that non-VZ progenitors may have no information on the position of the ventricular surface, and hence, they may distribute their potential cell fate determinants independently of it. In this scenario, radial glia fibers may provide the only spatial reference for non-VZ progenitors, and these might orient their mitoses with respect to the direction of this radial axis. As proof of principle, we measured the orientation of VZ mitoses with respect to the radial fiber scaffold, revealed by anti-vimentin stain (Fig. 10A#) . As expected, we found VZ mitoses to be largely parallel to radial fibers at P0 and largely perpendicular to them at P6 (Fig. 10D ). Using this same criterion, we found that ISVZ and OSVZ mitoses had nearrandom distributions at all ages examined (Fig. 10D) . Nevertheless, OSVZ mitoses did show a tendency to follow a trend similar to VZ mitoses, with a bias to be parallel to the radial fiber scaffold at P0, randomly oriented at P2, and then biased to a perpendicular orientation at P6 (Fig. 10D) .
To further define the dynamics of progenitor proliferation, we next focused on measuring the length of the cell cycle and the rate of cell cycle reentry (Takahashi et al. 1995a (Takahashi et al. , 1995b Lukaszewicz et al. 2005) . Cumulative BrdU-labeling experiments allowed us to determine that ISVZ and OSVZ differed in the cell cycle length of their progenitor cells, as the total cell cycle was 15--25% longer in OSVZ and VZ progenitors compared with ISVZ progenitors (Fig. 11A and Table 2 ). We also found that the length of the cell cycle shortened during development in all layers, being 27--36% longer at P0 than at P6 (Fig. 11A and Table 2 ). These results are in agreement with measurements in macaque cerebral cortex along cortical development (Kornack and Rakic 1998) and highlight an important difference from mouse cortical development, where cell cycle length has been shown to gradually increase during development (Takahashi et al. 1995) . Changes in cell cycle length of cortical progenitors have been usually attributed to variations in the duration of the G1 phase, both in mouse and macaque monkey (Takahashi et al. 1995; Lukaszewicz et al. 2005; Dehay and Kennedy 2007) . In contrast, we found that differences in cell cycle length were mostly due to changes in S-phase, which was 50--52% longer in VZ and 19--24% longer in OSVZ compared with ISVZ ( Fig. 11A and Table 2 ). Interestingly, this was in agreement with recent analyses demonstrating that variations in the length of S-phase, but not G1, distinguish among different types of cortical progenitors (Arai et al. 2011) .
Finally, another parameter of the cell cycle that characterizes progenitor dynamics is the rate of cell cycle reentry, defined as the frequency of newborn cells continuing as cycling progenitors, as opposed to becoming postmitotic cells (i.e., neurons). We found that both at P0 and P6, the cell cycle reentry was similar in VZ and ISVZ progenitors but 16--38% higher than in OSVZ progenitors (Fig. 11B) . This indicated that progenitors in OSVZ have a significant tendency to leave the cell cycle more frequently than in the other germinal layers.
Altogether, our findings indicated that OSVZ and ISVZ progenitors differ in a variety of parameters, including total length of their cell cycle, length of S-phase, and also in their rate of cell cycle reentry. In addition, we found that VZ and OSVZ progenitors gradually shifted their mitotic cleavage plane orientation with respect to the radial fiber scaffold between P0 and P6, from parallel to perpendicular, whereas ISVZ progenitors exhibited random mitotic orientations at all ages.
Discussion
Cellular mechanisms underlying the developmental expansion and folding of the cerebral cortex in gyrencephalic mammals have only begun to be identified and are still poorly understood (Lui et al. 2011) . Comparative studies across gyrencephalic and lissencephalic species strongly suggest the involvement of distinct germinal layers and types of progenitor cells in this process (Smart et al. 2002; Martinez-Cerdeno et al. 2006; Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011) . However, the defining features of such germinal layers and cell types, and which of those features are necessary and sufficient for the development of gyrencephaly, regardless of phylogeny, remain unclear. In the present study, we have used the ferret as model to demonstrate the existence of 3 distinct germinal layers in the developing cerebral cortex of nonprimate gyrencephalic species: VZ, ISVZ, and OSVZ. We show that these 3 layers share many features with their primate counterparts, including the combinatorial coexpression of several transcription factors such as Pax6, Tbr2, Olig2, and Sox2 in distinct progenitor populations; the abundant presence of IRGCs; and the existence of a cell-sparse subdivision of the OSVZ (iOSVZ) resembling the IFL of primates. But most importantly, our results show that OSVZ and ISVZ are quite different in cytoarchitectonics and certain features of their progenitor cells, demonstrating the limitations of transcription factor expression analysis when it comes to understanding the roles of the different germinal layers in cortical development.
A Multilayered SVZ in a Gyrencephalic Nonprimate A seminal study on the emergence and distinction of germinal layers in the developing primate cerebral cortex identified the existence of 4 laminar subdivisions in the macaque monkey: VZ, ISVZ, IFL, and OSVZ, overlaid by the OFL, a second fiberrich layer (Smart et al. 2002) . A recent study on the developing cerebral cortex of gyrencephalic nonprimates identified 3 germinative subdivisions based on cell density: VZ, ISVZ, and a vestigial form of the primate OSVZ (Reillo et al. 2011) . Here, we have focused on the ferret prospective visual cortex aiming to define the properties and dynamics of these various germinal layers during development and the distinctions between them. Our analyses demonstrate that a very simple ISVZ exists from the onset of visual cortex neurogenesis (E30) and that the OSVZ is not distinguishable until 1 week later (E38). This dynamics is similar to that demonstrated in the macaque (Smart et al. 2002) , further highlighting the similarities between gyrencephalic primates and nonprimates (Fietz et al. 2010; Fietz and Huttner 2011; Reillo et al. 2011) . In spite of the difference in time of emergence between ISVZ and OSVZ, we show that, once generated, these 2 layers have remarkably similar compositions in progenitor cell classes as identified by morphology and coexpression of multiple transcription factors, which suggests that the OSVZ may initially form as a specialized expansion of the ISVZ.
Previous analyses of progenitor cell classes in the developing human cerebral cortex have demonstrated that OSVZ and VZ-ISVZ have a similar composition (Bayatti, Moss, et al. 2008; Mo and Zecevic 2008; Hansen et al. 2010) . This led to propose that the OSVZ may be a duplicate of the VZ and ISVZ together, as a strategy to increase neurogenesis and the eventual expansion of the human cerebral cortex (Hansen et al. 2010) . Some of our current observations in the ferret also suggested a functional duplicity between ISVZ and OSVZ not only because progenitor cells in these 2 layers have a nearly identical gene expression profile (Fig. 8) but also because the generation of the first IRGCs was simultaneous in both layers (Fig. 9 ). However, a detailed analysis of other features, such as abundance and dynamics of IRGCs, progenitor cell cycle length, rate of cell cycle reentry, and orientation of mitotic plate, revealed unequivocal differences between these 2 layers and highlighted their uniqueness. This demonstrates that the biology of these complex mixtures of progenitor populations cannot be simplified by the combinatorial analysis of coexpression of a few transcription factors and also that OSVZ is not a mere duplicate of the ISVZ, highlighting that each of these subventricular germinal layers is likely to have distinct and specific roles in cortical development.
Equivalence of Germinal Layers between Gyrencephalic Primates and Nonprimates
To what extent nonprimate species have an equivalent to the highly specialized germinal layers of human and nonhuman primates? In the present study, we provide extensive and compelling evidence on the existence of 3 distinct germinal layers in the developing ferret cerebral cortex. Based on cytoarchitectonics, transcription factor expression, and progenitor cell morphology, we have found that these 3 germinal layers are highly reminiscent of the primate VZ, ISVZ, and OSVZ (Smart et al. 2002; Reillo et al. 2011) . However, the developing macaque and human cerebral cortex are also characterized by some other features: IFL, a massive enlargement of the OSVZ, and sustained growth of the SP zone (Sidman and Rakic 1973; Smart and McSherry 1986; Smart et al. 2002; Bayer and Altman 2005) . The IFL is a cell-poor zone filled with axon fascicles, which is commonly used to delimit ISVZ from OSVZ at late developmental stages (Smart et al. 2002; Dehay and Kennedy 2007) . Although no such distinct layer can be observed in the developing ferret cortex, our analyses demonstrate that the existence of an inner subdivision of the OSVZ (iOSVZ) sharing similarities with the IFL. As opposed to the oOSVZ, progenitor cells in the iOSVZ align in narrow streams flanked by cell-poor spaces, which may be filled by thick bundles of axonal fibers. This situation is highly Statistical significance between layers was tested by a generalized linear model using a binary logistic regression in which the covariates were time and layer. Statistical differences were tested by chi-square test (P \ 0.0001 for all comparisons between layers for same age and between ages for same layer). The regression line for each data set allowed determination of Tc-s (time at which 100% of Ki67þ cells would be labeled by BrdU; y 5 100, dashed lines) and Ts (time at which 0% of Ki67þ cells would contain BrdU; y 5 0). Tc-s þ Ts determines the total length of the cell cycle (Tc). (B) Quantification of the percentage of VZ, ISVZ, and OSVZ progenitor cells reentering the cell cycle at P0 and P6. Cell cycle reentry was identical between P0 and P6 in all layers, but in OSVZ, it was lower than in ISVZ and VZ. **P \ 0.01; chi-square test. reminiscent of the IFL in macaque and human (Smart et al. 2002; Lukaszewicz et al. 2005 Lukaszewicz et al. , 2006 , which suggests that the ferret iOSVZ may be a vestigial form of the primate IFL. Although the IFL is a useful landmark to define the boundary between ISVZ and OSVZ at late stages of primate cortical development, at early stages, well before the appearance of the IFL, cytoarchitectonic criteria are sufficient to distinguish between OSVZ and ISVZ (Smart et al. 2002; Lukaszewicz et al. 2005 Lukaszewicz et al. , 2006 Reillo et al. 2011) . Thus, the absence of a distinct IFL in ferret does not preclude the distinction between OSVZ and ISVZ. On the contrary, by applying the same cytoarchitectonic criteria, in combination with transcription factor analysis and cell cycle marker analysis, we provide compelling evidence to distinguish between OSVZ and ISVZ in the developing ferret.
Finally, the massive enlargement of the SP zone observed in primates during corticogenesis (Kostovic and Rakic 1990; Smart et al. 2002) is not paralleled in ferret. While this quantitative difference by itself may already have a profound impact on subsequent events of cortical development, qualitative assessments of the OSVZ and SP zone in the developing macaque and human cerebral cortex demonstrate the existence of an extremely complex mixture of cell types and cellular processes (Smart et al. 2002; Zecevic et al. 2005 Zecevic et al. , 2011 Howard et al. 2006; Bayatti, Moss, et al. 2008; Mo and Zecevic 2009; Hansen et al. 2010; Jakovcevski et al. 2011; Yu and Zecevic 2011) as well as a complex repertoire of progenitor cell behaviors and dynamics (Hansen et al. 2010) , which are also likely to play fundamental roles in corticogenesis, and so far, these have not been demonstrated in nonprimates.
Relevance of Germinal Layers and Progenitor Types in Cortical Gyration
Previous studies showed that the enlargement and specialization of the SVZ into very prominent ISVZ and OSVZ distinguishes cortical development in macaque monkey from mouse (Smart et al. 2002; Dehay and Kennedy 2007) . We have previously proposed that this may be a phenomenon distinctive and common to all gyrencephalic eutherians and causally related to the development of gyrencephaly (Reillo et al. 2011 ). This hypothesis is supported by our present findings in ferret, together with our previous observations in other gyrencephalic carnivores, ungulates, and primates, which are in contraposition to lissencephalic rodents, where only the VZ and a relatively thin SVZ are distinguished (Dehay and Kennedy 2007; Reillo et al. 2011 ). This notion is also supported by findings in metatherians, where 2 or even only one germinal layer have been described so far in their developing cerebral cortex (Cheung et al. 2010; Puzzolo and Mallamaci 2010) .
A second distinctive feature between gyrencephalic and lissencephalic brains is the size in surface area of the neuroepithelium at the onset of neurogenesis, which is dramatically larger in ferret, macaque monkey, or human compared with mouse or rat (Sidman and Rakic 1973; Bayer and Altman 1991; Smart et al. 2002; Reillo et al. 2011 ). These differences support the radial unit hypothesis (Rakic 1995) , according to which the evolutionary expansion in cortical surface area resulted from an increase in the number of founder neuroepithelial cells prior to neurogenesis, forming the cortical anlage or VZ. This hypothesis was tested experimentally in a set of genetic manipulations in mouse, where neuroepithelial cells were forced to reenter the cell cycle, resulting in a massive expansion of the VZ progenitor population and a ''gyrencephalic'' appearance of the transgenic mice (Chenn and Walsh 2002) . This study was the first example of how expansion of progenitor populations could be the cellular basis for cortical expansion and gyration (Chenn and Walsh 2002; Siegenthaler et al. 2009 ). However, this phenotype is different from natural gyrencephaly, where dramatic expansion and folding of the neocortex occur without a proportional expansion and folding of the ventricular surface (Fig. 1) . Thus, whereas the importance of the founder progenitor population (VZ) in neocortical expansion is unquestionable, natural gyrencephaly may require the combination of increased VZ proliferation with other developmental processes. Existing evidence (see above) highlights the secondary germinal layers ISVZ and OSVZ as potentially key elements in such cocktail Fietz and Huttner 2011; Lui et al. 2011; Reillo et al. 2011) .
In this context, the discovery in human and ferret of IRGCs/ oRGs, a new class of ISVZ/OSVZ progenitor not previously observed in the SVZ of rodents (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011) , seemed to reinforce the relevance of SVZ specializations on cortical expansion and gyration (Fietz and Huttner 2011) . However, more recent studies have shown the existence of small numbers of oRG-like progenitor cells in the SVZ of the lissencephalic mouse (Shitamukai et al. 2011; Wang et al. 2011) . Although the abundance of oRG-like cells in the developing mouse cortex is so sparse that these do not even constitute a distinct germinal layer, as opposed to ferret or human (Shitamukai et al. 2011; Wang et al. 2011 ), these findings demonstrate that IRGC/oRGs are not unique to gyrencephalic mammals, and thus, the mere existence of this particular subtype of progenitor is not the key to cortical gyration. Taken together, findings in rodents, carnivores, and primates are consistent with the idea that IRGC/oRG-like cells might have existed in a common mammalian ancestor and that their expansion and the overproliferation of the OSVZ could have been selectively utilized during evolution as means to generate larger and gyrated brains.
Whereas all these observations support a link between prominent ISVZ--OSVZ with high abundance of IRGCs/oRGs and gyrencephaly, larger numbers and diversity of mammalian species need to be analyzed in great detail before general conclusions can be reached. Among these, the analysis of lissencephalic primates, such as the marmoset monkey, and of gyrencephalic rodents and marsupials like the capybara or the wombat, hold promise of a better understanding of cortical folding mechanisms and their evolution.
Origin and Diversity of Cortical Progenitor Cells
Although we are far from understanding the developmental mechanisms that lead to the expansion and folding of the cerebral cortex in larger mammals, significant advances have been made recently demonstrating that these processes are even more complex than previously suspected and involve the interplay between a variety of cell types, genetic programs, and progenitor cell lineages of exquisite complexity (Fietz et al. 2010; Hansen et al. 2010; Fietz and Huttner 2011; Reillo et al. 2011) . One issue left unresolved from the original descriptions of IRGCs in ferret and human was their ontogenetic origin (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011) . In both ferret and human, IRGCs seemed to have a dual origin depending on the layer: those in the ISVZ appeared generated Cerebral Cortex Page 13 of 16 at UNIVERSIDAD MIGUEL HERNANDEZ-BIBLIOTECA on October 11, 2011 cercor.oxfordjournals.org from VZ progenitors (Reillo et al. 2011) , much like oRGs in rodents (Shitamukai et al. 2011; Wang et al. 2011) , whereas those in the OSVZ seemed to be generated only locally by selfamplification (Hansen et al. 2010; Reillo et al. 2011) . Here, by monitoring the earliest appearance of IRGCs in the ferret, we show that: 1) they are first generated earlier than previously suspected (Fietz et al. 2010) , 2) they are generated simultaneously in both ISVZ and OSVZ, and 3) they are highly abundant from the onset (Fig. 9) . Although this may seem to contradict our observations that ISVZ develops earlier than OSVZ in both ferret and human (Bayatti, Moss, et al. 2008 , this study, and our I Reillo, V Borrell, unpublished observations), further investigations are clearly needed and should be oriented at providing definite answers to these fundamental questions.
The most systematic characterizations of cortical progenitor subclasses have been done by cell morphology and through the analysis of expression of multiple transcription factors (Englund et al. 2005; Kowalczyk et al. 2009; Arai et al. 2011) , in a similar fashion as it was done first in the spinal cord (Pfaff and Kintner 1998; Briscoe et al. 2000; Shirasaki and Pfaff 2002) and later in the basal forebrain (Flames et al. 2007 ). In the mouse cerebral cortex, this has allowed discriminating between 2 main sets of cortical progenitors: Pax6+/Tbr2-, which include VZ and oVZ radial glia; and Pax6-/Tbr2+, corresponding to SVZ IPCs (Wang et al. 2011) . In gyrencephalic mammals, cortical progenitors express Pax6, Tbr2, Sox2, Olig2, and Ascl1 in a nonmutually exclusive manner ( Zecevic 2008, 2009; Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011 ] and this study), and therefore, the molecular diversity of progenitor cells increases exponentially. Furthermore, our current observations demonstrate that regardless of the combinatorial expression of various transcription factors, cortical progenitors also differ in their dynamics of cell division, including duration of cell cycle, rate of cell cycle reentry, and orientation of mitotic divisions. So, is there a limited diversity to cortical progenitors? We anticipate that a better understanding of the biological relevance of these distinct transcription factors in cortical progenitors, and their mutual transcriptional regulation (Sessa et al. 2008; Sansom et al. 2009 ), will likely shed light on the numbers and roles of cortical progenitor subtypes. In summary, the evolution of cortical folding specifically, and of cortical complexity at large, appears to have come about in parallel with the specialized and diversified evolution of cortical progenitor cells (Rakic 1995; Lui et al. 2011) . Understanding how the different types of progenitor cells interact and how they interplay with migrating neurons and afferent axonal projections holds promise to our understanding of the emergence of the astounding complexity of the mammalian cerebral cortex.
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